The effects of anthropogenic aquatic noise on marine invertebrates are poorly understood. We investigated the impact of seismic surveys on the righting reflex and statocyst morphology of the palinurid rock lobster, Jasus edwardsii, using field-based exposure to air gun signals. Following exposure equivalent to a full-scale commercial assay passing within 100-500 m, lobsters showed impaired righting and significant damage to the sensory hairs of the statocyst. Reflex impairment and statocyst damage persisted over the course of the experiments-up to 365 days post-exposure and did not improved following moulting. These results indicate that exposure to air gun signals caused morphological damage to the statocyst of rock lobsters, which can in turn impair complex reflexes. This damage and impairment adds further evidence that anthropogenic aquatic noise has the potential to harm invertebrates, necessitating a better understanding of possible ecological and economic impacts.
Introduction
Increasing human activity in the ocean has resulted in a corresponding increase in anthropogenic aquatic noise, which is gaining recognition for its potential to negatively affect marine organisms [1] [2] [3] . Aquatic noise can be an unintentional by-product of human industry, such as vessel noise from shipping traffic, or produced with a purpose, such as seismic surveys that are used to investigate the geology below the seafloor. Among the various sources of aquatic noise, the impacts of signals from seismic air guns have received a relatively great deal of attention, primarily in regard to whales [4] and fishes [5] , due to the high intensity of the low-frequency signals and the repetitious nature of surveys, which systematically ensonify hundreds to thousands of square kilometres over the weeks to months surveys are conducted [6] .
Compared to vertebrates, the effects of marine seismic surveys on marine invertebrates remain poorly understood [7] , with only a limited number of field-based experiments performed to date (see review by Carroll et al. [8] ). Seismic signals have been shown to have little to no effect on egg development in lobsters [9] or Dungeness crab larvae [10] , although zooplankton, largely comprised of crustaceans, including early-life stage larvae, showed substantial mortality following exposure to seismic signals [11] . Adult lobsters show some sensitivity to seismic exposure, with potentially impaired immunity and decreased nutritional condition [12] , and more generally to aquatic noise, with exposure resulting in immune response and elevated stress markers in the haemolymph [13, 14] . Impacts to reflexes and behaviour have been more widely observed, with scallops [15] and squid [16] exposed to seismic signals and crabs [17] and lobsters [13] exposed to simulated vessel noise showing changes to a range of simple and complex behaviours, including normal patterns of swimming, righting, recessing, foraging, and predator avoidance.
Multiple incidences of mass stranding of giant squid (Architeuthis dux) reported following seismic surveys in the general region [18, 19] led to the finding that the statocyst, the mechanosensory organ responsible for detecting gravity, body positioning, and movement that is commonly found in aquatic invertebrates, including bivalves, cnidarians, echinoderms, cephalopods, and crustaceans [20] , showed extensive damage [18] . Similarly, in laboratory-based experiments simulating aquatic noise, squid and octopus have shown severe responses to exposure, with progressive degeneration of the statocyst sensory epithelia [21] [22] [23] . Some species of fish have shown sensitivity to exposure to aquatic noise, with the otolith organ showing the loss of hair cells following exposure to seismic air guns [24] , white noise [25] , and marine pile driving [26] . Sensitivity to aquatic noise may be species specific, as some show no evidence of damage [26, 27] , and fishes generally demonstrate the ability for rapid regeneration of sensory hairs, leading to reparation of damage and restoration of function [25] .
Based on the damage postulated to have occurred through exposure to seismic signals in the wild and noise exposure in a laboratory, understanding the impact of aquatic noise, and seismic signals in particular, on the statocysts of marine invertebrates is an important aspect of characterizing the effects of exposure and the development of approaches to limit impact. To investigate the effects of air gun exposure on the function of the statocyst as a part of the mechanosensory system and associated reflex behaviours of marine invertebrates, we have chosen the palinurid rock (or spiny) lobster, Jasus edwardsii, as a model. Globally, rock lobster fisheries have a high socioeconomic value [28] [29] [30] and rock lobsters themselves are an ecologically important keystone species: one that exerts a disproportionately large influence on the ecosystem relative to the size of their population [31] , with impacts to populations capable of driving systemwide regime shifts with flow-on effects to other fisheries [32] . The statocyst of J. edwardsii remains poorly described, with the only detailed analysis performed on the puerlus ( pelagic, pre-settlement larval) stage [20] . However, extensive experimentation on the American lobster (Homarus americanus) has demonstrated that the statocyst plays an essential role in coordinating body positioning and movement [33] [34] [35] . Furthermore, neuronal input from the statocyst is critical in controlling the righting response of lobsters, an important and easy to measure behavioural reflex that requires the coordination of various appendages (e.g. limbs, tail musculature, pleopods, uropods, etc.) [36] and plays a vital role in the lobster's ability to escape predation.
Here, we report on the statocyst morphology and righting reflex behaviour of the rock lobster following a series of fieldbased seismic air gun exposure experiments. In a natural lobster habitat, experimental animals were exposed to signals from three air gun configurations using a pass-by regime designed to emulate the sound exposure level (SEL) typical for a commercial survey using an array of air guns. Following exposure, the ability for lobsters to coordinate their body positioning was assessed by measuring the lobsters' righting reflex. Damage to the statocyst of the lobsters was quantified using scanning electron microscopy analysis of the sensory hairs (setae) of the statocyst. Lobsters were assessed for righting reflex and statocyst damage over acute (days postexposure) and chronic (months post-exposure) timescales.
Material and methods (a) Animal acquisition, handling, and care
Acquisition, handling, and care of lobsters used in this study are as described in detail in Day et al. [9] and Fitzgibbon et al. [12] and experimental conditions for each experiment, including dates, air gun details, and sample size details, are given in table 1. Briefly, wild-caught female J. edwardsii were obtained from commercial fishermen from several sites around Shoemaker Point, Tasmania, Australia (43°35 0 38.23 00 S, 146°38 0 03.69 00 E). They were held at the Institute for Marine and Antarctic Studies, Taroona, Tasmania (IMAS), where they were randomly assigned to four 3400 l tanks at ambient temperature (ca 13°C in winter experiments, ca 17°C in summer experiments), with approximately 25 lobsters per tank. Tank assignment occurred prior to assignment to control/exposed treatments and sample times, so lobsters were mixed without considering these factors. Following field exposure, lobsters were returned to their previously assigned holding tanks (i.e. random). Lobsters were randomly assigned into treatments and sample time cohorts (details below) and tagged with unique identifying numbers. During all holding periods, lobsters were fed blue mussels (Mytilus galloprovicialis) ad libitum twice weekly.
(b) Field exposure
For each experiment, lobsters were transported to the field site, and control and exposed treatments were placed into 20 (experiments 1 and 2) or 10 (experiment 3) identical lobster pots (750 × 750 × 400 mm, steel frame surrounded with 50 mm steel mesh) modified with a mesh fabric bottom to allow animals to be in contact with the limestone reef substrate at a depth of 10-12 m. In all three experiments, five lobsters were placed into each pot. Pots were lowered onto a reef in a line 250 m long (experiments 1 and 2) or 100 m long (experiment 3) with approximately equal spacing between pots (electronic supplementary material, figure S1 ). Lobsters were allowed to acclimate for 2 days in experiments 1 and 3 and for 7 days in experiment 2 due to weather constraints.
The seismic vessel approached the line of pots perpendicularly from a distance of approximately 1 km (see electronic supplementary material, figure S1 for vessel track) at a mean speed of 1.85 ms −1 with the air gun charged and deployed but not operated (control run) or firing once every 11.6 s (exposure run). Following the control run, 10 pots in experiments 1 and 2 and five pots in experiment 3 were sequentially retrieved to the surface and day 0 sample period lobsters were immediately assessed on the vessel for righting reflex (details below), after which all control lobsters (experiment 1 n = 52, experiment 2 n = 41, experiment 3 n = 28) were returned to the holding tank at IMAS to which they were previously randomly assigned. The exposure run was then conducted with the air gun vessel following the same approach and the retrieval process and righting assessment were repeated as with the control treatment, with the remaining 10 pots in experiments 1 and 2 and five pots in experiment 3 retrieved. Exposed lobsters (experiment 1 n = 51, experiment 2 n = 41, experiment 3 n = 28) were then transported to IMAS where all day 0 lobsters from control and exposed treatments were euthanized via immersion in an ice and seawater slurry and the statocysts collected following the procedures detailed below. Lobsters from control and exposed treatments for all other sample times were placed into the four holding tanks according to previous random assignment until sampled at IMAS according to the predetermined sampling schedule at royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191424 days 0, 2, 14, and 120 post-exposure for experiment 1, at days 0, 2, 14, 120, and 365 post-exposure for experiment 2, and at days 2 and 14 post-exposure for experiment 3.
(c) Air gun signal analysis and comparative model
A thorough description of air gun measurements is given in the electronic supplementary material, so measurements will be described briefly here. Detailed sea noise loggers (Curtin University designed, see www.cmst.curtin.edu.au/products) were placed on the seabed at the extremities of the line of lobster pots (electronic supplementary material, figure S1 ). All instruments recorded calibrated waterborne pressure signals and two included calibrated three-axis (two in the horizontal plane, one in the vertical) geophone signals to measure ground vibration. Pressure sensors were calibrated using white noise input with the hydrophone in series, to give the full system gain response, inclusive of impedance matches of electronic components. The range of each pot to each air gun signal and the curves of stimuli with range were used to define exposure at each lobster pot. Cumulated SELs were calculated as the sum of the linear value of SEL for all air gun shots, converted back to decibel (dB) format. A model of a hypothetical full-scale commercial array was developed to serve as a comparison for the calculated received levels of the lobsters in the present study. The hypothetical source was modelled after field measurements of full-scale arrays [6, 37] . The full details of the model conditions are given in the supplementary information of [9] . The hypothetical source was a 3065 inch 3 array operating in three-dimensional mode, comprising two sources operating alternatively, each located centrally 50 m either side of the sail line. The modelled survey assumed an operating depth of 50 m, with sail lines spaced 400 m apart. Vessel noise was quantified from sea noise recorders placed on the seabed in the experimental area, with the layout for each experiment shown in electronic supplementary material, figure S1 . The vessels used were: (a) in 2013, an 8 m twin-hulled aluminium work boat with twin 150 HP outboards; and in 2014 and 2015, an 11 m single engine (400 HP) fishing vessel of 10 tonnes gross weight. The average vessel speed across all control and exposure lobster trials was 1.85 m s −1 or 3.6 knots, which was no-wake speed for each vessel. It can be seen from electronic supplementary material, figure S1 that on several occasions, the vessel ran almost directly over the seabed receivers. Sequential power spectra of each recording during control trials were made using a 4 kilohertz (kHz) sample rate, 4096 point fast Fourier transform (FFT) for a frequency resolution of 0.977 Hz, with nine averages for a 9.216 s average. These were corrected for system gain using the frequency-dependent curve derived from white noise injection and the hydrophone sensitivity. Periods of ambient noise were derived from the high gain systems to give an average broadband noise level (derived by summing linear intensity for frequencies greater than 45 Hz to avoid mooring noise, adding the FTT bandwidth correction and converting to dB). Periods with high level vessel noise were defined by their time, and the highest level broadband noise of the 9.2 s averages within this period used as the maximum received vessel noise.
(d) Righting reflex
The righting reflex was assessed by measuring the time taken for lobsters to return to a dorsum-up position after being placed ventrum-up in a bin of seawater. For this assessment, 'righted' was defined as returning to a position in which walking legs from both sides of the body were in contact with the bottom of the bin. For day 0 lobsters, righting was tested on the vessel immediately after retrieval from the lobster pots. At other sample points, lobsters were tested at IMAS. To ensure consistency, the same researcher conducted this assessment for every individual in royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191424 every experiment and the same equipment (e.g. bins, stopwatch) was used throughout the study. To avoid bias, the researcher was blinded to whether lobsters were from control or exposed treatments until completion of the reflex test for all assessments except those conducted on day 0. Blinding was not possible on day 0 due to the assessment of righting immediately upon pot retrieval.
(e) Statocyst preparation and analysis
The basal segment of the antennules from each lobster were isolated and placed into 2.5% glutaraldehyde for 48 h, then dehydrated in a series of increasing ethanol concentrations up to 70%. Statocysts were stored in 70% ethanol until they were processed using a rotary tool (Dremel) fitted with a ball tipped cutting bit to cut through the antennule cuticle and expose the statocyst. The statocyst was placed in a Petri dish and kept submerged in 70% ethanol while it was carefully split open using a scalpel and any material adherent to the sensory hairs (statoconia) was gently rinsed away with a jet of 70% ethanol from a transfer pipette. Following dissection, the opened statocyst was prepared for scanning electron microscopy using standard methods (as per [38] ). Images generated using a scanning electron microscope (Hitachi SU-70, Hitachi Australia Pty Ltd) were analysed for damage to hairs using the image processing program ImageJ v. 1.48 [39] . A 0.01 mm 2 grid was overlaid on the image (electronic supplementary material, figure S2 ) and all visible damaged and undamaged hairs within the statocyst were counted. Any damaged hairs occurring within the same grid cell as physical damage to the statocyst capsule itself (e.g. artefacts where the capsule was split, any cracks or punctures, etc.) were discounted, whereas healthy cells occurring near dissection damage were counted, to ensure a conservative account of damage.
(f ) Statistics
Righting data are presented as univariate scatterplots as suggested by Weissgerber et al. [40] based on the continuous nature of the data and the sample size. Righting data from experiments 1-3 failed the test for normality, so were transformed using a Box-Cox analysis, square root transformation, and log transformation, respectively. Following transformation, ANOVA assumptions were met and data were analysed using a two-way ANOVA with treatment and time as factors, followed by post hoc Tukey Honestly Significant Difference (HSD) tests for any significant results.
To analyse statocyst damage, the proportion of damaged hairs from control lobsters was compared first using a mixedeffects logistic regression model with a binary outcome of healthy versus damaged for each individual hair, with carapace length, lobster mass, sample time, statocyst zone (see Results), and exposure level considered as factors. Next, controls were compared to exposed treatments from the respective experiments using a similar binomial regression. A generalized linear model was used to examine the relationship between statocyst damage and righting times. Righting time data were log transformed using the Box-Cox analysis and the proportion of damaged statocyst hairs, carapace length, treatment, and experiment were used as factors.
Results (a) Statocysts
The J. edwardsii statocyst was roughly reniform, with four zones of hairs identified, based on subtle differences in the arrangement and density of hairs in each zone (see electronic supplementary material, figure S2 ). Zone 1 was located at the opening of the statocyst, and consisted of a dense grouping of long hairs that extended towards the 'corpus', or body, of the statocyst with the hairs oriented towards the statocyst opening. Zone 2 was a large region consisting of a diffuse arrangement of hairs that occurred in pairs in the area more proximal to zone 1 and in triplets in areas more distal. The hairs were roughly aligned in rows running perpendicular to the orientation of zone 1 hairs and appeared analogous to the matt hairs described in the American lobster (H. americanus) [41] [42] [43] . Hairs in zone 3 were loosely arranged within a band running along the outside curve of the corpus of the statocyst. Zone 4 continued from zone 3 into the smaller curve, or 'end', of the kidney-shaped statocyst, and was differentiated by a slight but consistent gap in the hairs between zones 3 and 4, as well as a somewhat reduced density of hairs, based on qualitative observation. From light microscopy observations prior to clearing the adherent statoconia material, zones 3 and 4 were found to be the primary site of contact between hairs and statoconia, the assemblage of small, dense particles (i.e. sand, sponge spicules, shell grit, etc.) that act on the sensory hairs to affect the detection of gravity and balance, analogous to the statolith hairs of H. americanus [41-43]. royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191424
Damage to the hairs presented as loss of the hair, leaving only the cell base (figure 1). Mean ± s.e.m. counts of healthy and damaged hairs by zone are given for each experiment in electronic supplementary material, table S1. Mixed-effects logistic regression found that the control groups from experiments 1 and 2 were similar in terms of damage, but the level of damage in the controls of experiment 3 differed from that for both experiments 1 and 2. Given this, the controls could not be pooled and it was necessary to consider the difference between each treatment and its control separately (figure 2). These comparisons showed that exposed lobsters had significantly more damage in all three experiments (table 2; electronic supplementary material, table S2 ). Damage to sensory hairs of the statocyst remained consistent over the course of each experiment, as sample time was not a significant factor affecting the proportion of damage (χ 2 = 1.7, p = 0.27).
Comparing the proportion of statocyst hair damage across the statocyst hair zones in each experiment demonstrated a significantly higher level of damage in zones 3 and 4 in exposed lobsters in all three experiments (figure 3). The relationship between the proportion of damaged hairs and lobster size (mass and carapace length) was not statistically significant ( p = 0.16 and p = 0.13, respectively).
(b) Righting reflex
Air gun exposure significantly affected righting reflex time in experiments 1-3. Sample time was not a significant factor in any of these experiments, indicating that the impact on righting time did not reduce over the course of the experiment.
Comparisons of righting reflex time (figure 4) in experiment 1 showed that air gun exposure had a significant effect (F 1,95 = 44.87, p < 0.001), as exposed lobsters showed a 157% increase in righting time over that of control animals, with a significant difference between treatments at every sample time. In experiment 2, again, exposure significantly affected righting time (F 1,71 = 70.417, p < 0.001), with exposed lobsters taking 120% longer to right than control lobsters, with a significant difference between treatments at every sample time, including the cohort of post-moult lobsters sampled at 365 days post-exposure. In experiment 3, exposure was again a significant factor (F 1,50 = 8.557, p = 0.005), as exposed lobsters required 80% more time to right than controls, with a significant difference between treatments at both sample times.
When righting time was included in the mixed-effects logistic regression model for analysing statocyst damage, the proportion of damaged hair by treatment was not significantly different ( p = 0.12; electronic supplementary material, table S3), indicating that the relationship between righting time and the exposure event was stronger than the relationship between the level of damage that event caused. Larger lobsters had longer righting times ( p < 0.001) and the interaction between the experiment and treatment was significant ( p < 0.001), indicating that, for each experiment, the exposure impacted the righting time differently.
(c) Exposure
Ambient noise at the site ranged from 84 to 104 dB re 1 µPa depending on the wind strength. The maximum level of vessel noise experienced by any of the seabed recorders was in the range 109-125 dB re 1 µPa as measured during control periods, which was low as the vessels were travelling slowly (1.85 m s −1 ) with minimum wake. SEL for air gun signals received at any pot was dependent on proximity to the air gun. The cumulative sound loading, or total dose of sound received per experiment, was lowest for experiment 1, intermediate for experiment 2, and highest for experiment 3 as determined using the number of signals exceeding set thresholds and the maximum or median cumulative sound exposure SEL cum ; see table 3 for all estimated sound exposure metrics at lobster pots for each experiment. The ground motion was measured from ranges of greater than 9 m, during lobster experiments, and had a maximum acceleration magnitude of 15 dB re 1 ms −2 , with nine air gun signals within 3 dB of this. A figure of measured ground-acceleration, maximum-magnitude of the three-axis ground motion with range, waterborne SEL with range, and SEL as a predictor of ground acceleration, is presented in electronic supplementary material, figure S3 .
Comparison of these levels to the modelled full-scale array (electronic supplementary material, figure S4) indicated . The median cumulative exposures experienced during experiments were equivalent to a set of five seismic lines of the modelled full-scale array with the nearest sail line at 200-500 m range (see [9] ). Thus, the exposures experienced during the experiments can be considered to be equivalent to a commercial approximately 3100 inch 3 seismic source passing within 100-500 m range adjacent to the lobsters.
Conclusion
The results of the present study offer further evidence that marine invertebrates may be harmed by aquatic noise, with air gun exposure calculated to be the equivalent of a commercial seismic survey array passing at an estimated 100-500 m range resulting in significant damage to the mechanosensory statocyst organ and an impaired righting reflex in J. edwardsii. Understanding the impact of aquatic noise is a burgeoning area of research that has recently expanded from a largely cetacean focus to investigating impacts on fish and invertebrates. With the increasing range of research has come a variety of methodologies and some debate as to the validity of studies. Due to cost and logistical factors, aquatic noise studies are frequently conducted in tanks. The use of tanks has been cautioned against due to the complexities of sound in small, artificial spaces [45] and though they are easy to conduct and offer a great deal of control over the environment, the ability to extrapolate the findings of such studies to the wild is limited.
Field-based studies have their own set of limitations. In the present study, the field approach placed logistical constraints on how control and exposed treatments were handled. Sound travels faster, farther, and more efficiently in water compared to air. This consideration was central to the study design, in which control and exposed treatments were placed in the water at the field site, the control run was conducted, the control animals removed from the water, and then the exposure run was conducted. While this meant that there was a slight difference in treatment, as exposed lobsters were in the water for slightly longer (less than 5% longer in experiments 1 and 3, less than 1% longer in experiment 2) and were exposed to two runs of vessel noise, which was measured at its maximum to be at least 61 dB (1122 times lower in intensity) below the lowest maximum air gun signal level experienced during any experiment, this approach was a priori determined to be the most scientifically robust method. Other options, such as holding treatments at different sites or conducting runs at different royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191424 times, introduce considerable confounding spatial and temporal factors, including potential differences in physicochemical parameters, increased handling time, acoustically different environments, and incidental noise exposure, all of which were deemed as too great of a risk to the scientific validity of the results. While it is apparent that designing a perfect experiment in the field of aquatic noise is difficult, and potentially impossible, in both tanks and in the field, confounding factors can be minimized to a point that other uncontrollable and rarely considered factors, such as the variation in life history of wild animals prior to their collection for experiments, are more likely to have an effect.
The damage observed in response to exposure in the present study occurred to the chitinous sensory hairs that project from the statocyst capsule from a flexible joint called a casque [43] . Following air gun exposure, the statocysts showed damage predominantly in the statolith hairs found in zones 3 and 4. A potential mechanism for this localization of damage is that the air gun signal acted upon the statoconia, causing the hair to be severed at the casque. Each hair is innervated through the casque by a single neuron [41] ; however, it was not possible to determine whether the hair cell and the associated neuron were damaged (beyond the severing of the sensory hair) using SEM, making more detailed (e.g. histological analysis) and sophisticated methods (e.g. phalloidin-labelling [46] ) a priority for understanding the long-term impact of acoustic trauma.
In all three experiments, damage to the sensory hairs, and the corresponding impairment of the righting reflex, did not differ across sample times, indicating that damage was incurred at the time of exposure and neither progressed nor repaired over time. Indeed, this damage persisted through the latest sample point, which, in experiment 2, was 365 days post-exposure, after all individuals had moulted. As the statocyst is part of the cuticle, it is shed during the moult process, making the persistence of damage surprising. The size and number of sensory hairs in the statocyst of crayfish increase linearly relative to carapace length [47, 48] , so if the statocyst can continue to grow and the setae proliferate normally following the damage incurred from air gun signals, it would be expected that there is a potential for the damage, or at least any loss of sensory input, to be corrected with the growth of new setae.
Although ecological impacts of the chronic impairment of the righting reflex observed in exposed lobsters were not evaluated in the present study, the impairment suggests some impact on the ability of an exposed lobster to function in the wild. Lobsters use input from the statocysts, leg proprioception receptors, and eyes in conjunction to identify and modulate their position [33] , and removal of one of royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191424 these inputs forces a greater reliance on the others [35] . Given the observed sensitivity of the statocyst receptors to aquatic noise, whether these other inputs are affected requires study, as they control a range of behaviours in lobsters, including the movement of the eyes, movement of the antennae, and coordination of the tail [33] [34] [35] . Indeed, removal of the statocyst entirely compromises the ability to modulate tail flip-mediated swimming to maintain correct body position [49] and to return to the substrate in an upright position [34] , a posture necessary to initiate any further escape responses. When the statocyst is shed with the rest of the carapace during moulting, lobsters have been suggested to show behavioural adaptations to impaired statocyst function, becoming reclusive and inactive during and immediately following moulting in the field [50, 51] , despite retaining agility and demonstrating the capability of performing intense and coordinated activity in laboratory settings [51] . Exposure to simulated aquatic noise has caused a range of behavioural changes in crustaceans, such as disrupted foraging behaviour in the shore crab Carcinus maenas [17] ; reduction in common social interactions, aggressive behaviours, and tail flips in the crayfish Procambarus clarkia [52] ; and disruption of communal structure and locomotory patterns, through increases in the frequency, distance, and velocity of movements in the lobster Panulirus elephas [13] . Different life-history stages of lobster may be more (or less [9] ) sensitive to ecological impacts following exposure as well. It has been hypothesized that detection of some component of underwater noise may play a role in migration of lobster pueruli as they transition from their larval pelagic habitat to their post-metamorphosis reefal habitat [53] , though the puerulus statocyst does not show the level of development observed in the present study, lacking fluid, hair cells, and secretory pores [20] . However, a recent study on plankton suggests that even comparatively simple vibration receptor systems may be damaged by seismic signals [11] . The findings of the present study add to an expanding body of work indicating that marine invertebrates demonstrate physiological impacts and changes to behavioural/ reflex capacity in response to exposure to anthropogenic aquatic noise. Negative impacts from seismic surveys have now been reported following simulated exposure in the laboratory, field exposure under controlled experimental conditions, and incidental exposure in the wild. Understanding the long-term ecological effects of these impacts is critical to determining whether the damage incurred is an unfortunate by-product of human industry in the ocean or whether it may undermine important fisheries and ecosystems globally.
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